A new type of high-enthalpy continuous wind tunnel is being developed at the von Karman Institute, cofunded by ESA and the Belgian government to provide an unpolluted facility capable of testing TPS samples for future reentry missions. The facility was designed to meet specific total pressure and stagnation point heat flux conditions and a computer model has been written to allow the determination of all flow parameters. The code uses an engineering approach of quasi-one-dimensional nozzle with inviscid and adiabatic flow of high-temperature air in thermal and chemical equilibrium and includes a calculation of heat flux rates based on Fay and Riddell's formulation which, to be accurately used, needed an analytic expression for the velocity gradient for a supersonic flow impinging on the flat base of a cylinder. The model has been validated against measurements taken in Russian facilities. It predicts values of stagnation point heat fluxes with an accuracy of 15%, including all errors due to the thermodynamic model, transport properties and all simplifying hypotheses of the method. The code has been used to predict the aerothermodynamic conditions necessary to achieve the desired goals in subsonic and supersonic conditions. It has also been used for the design of other components of the facility.
Introduction
The hypersonic velocities at which space vehicles have to enter a planetary atmosphere (be it Earth or alien) produce extreme heat fluxes to the vehicle surface, which has to be protected against death of crew and destruction by suitable Thermal Protection Systems (TPS).
In order to reliably assess the performance of TPS materials, testing must be done on Earth in highenthalpy facilities capable of reproducing the severe heat conditions of reentry with run times of the order of half an hour or more. The western world (and especially the US) used combustion-heated facilities and arc heaters to achieve this goal 1 . The former, with heavy pollution by products of combustion, are not suited to TPS tests and even the latter are not pollution-free: the high-power arcs produce electrode erosion, vaporizing copper into the test gas. This poses no problem to aerothermodynamic testing but changes the testing conditions of TPS samples since copper deposition on the surface changes catalycity properties and thus heat fluxes sustained by the sample. The contamination can range from 50 ppm to about 1% of relative copper vapor in the flow, depending on the heater technology 2, 3 , with modern magnetoplasmadynamic thrusters reaching 1 ppm and lower contamination 4 .
In Russia, another type of facility has been extensively used for TPS testing: the induction plasma wind tunnel (plasmatron), which produces high-enthalpy gas by inductive coupling. The plasma generator is made of a quartz tube surrounded by a coil. High-frequency currents in the coil induce oscillating electric fields inside the tube, capable of ionizing the gas at low pressures. Once ionized, the gas is heated by Joule effect from oscillating current loops and becomes a plasma. This technique, first studied in Russia by Babat 5 , has been extensively used in America and Europe to produce plasma torches operating at ambient pressures and low speeds, for such applications as spectroscopic analytical chemistry, treatment of powders, synthesis of pure materials, plasma spraying of coatings, destruction of hazardous chemicals, waste disposal 6 . However, only in Russia was the technique used at low pressure and high speeds (including supersonic operation) for aerothermal and reentry problems, with facilities of up to 1 MW of generator power. 7, 8, 9 The European Space Agency (ESA), recognizing the advantages of such facilities in terms of chemical purity of plasma, decided to sponsor together with the Belgian Federal Office for Scientific, Technical and Cultural Affairs, the construction of a 1.2 MW plasmatron at the von Karman Institute. The planned completion date of this work is October 1997.
Facility concept design Basic requirements
The requirements imposed by ESA on the facility include performance specifications in terms of stagnation pressure and stagnation heat flux (under the assumption of fully catalytic cold wall) on a TPS sample held by a 50 mm diameter holder (figure 1). The desired performances are described by the pressure-heat flux diagram shown on figure 2, established from typical reentry conditions 10 to be fully covered in subsonic flow. An unspecified part of it has also to be covered in supersonic operation, with no Mach number constraint. Test duration is of the order of half an hour. Besides performances, ESA also requires provision and use of modern non-intrusive measurement techniques in addition to more classical probe techniques. The facility is also equipped with an automated control system which allows the preprogrammed conduction of a test with varying test parameters, to simulate complete re-entry trajectories. 
Facility architecture
The need for vacuum (as shown by the pressure requirements), cooling, instrumentation and induction heating led to the definition of the basic architecture of the facility. Figure 3 shows the resulting concept 11 . The main part of the facility consists of the test chamber, a vacuum vessel containing the model, its support system and injection mechanism, connected upstream to the torch and downstream to a diffuser used to collect the plasma flow. The torch itself is made of a quartz tube protected by a water-cooled copper cage. Air is provided by the VKI compressed air system and heated to plasma temperatures by the effect of high-frequency currents induced in the gas by the coil. Other test gases, as well as argon for startup of the torch, are provided by carboys.
Downstream of the test section, the gas is cooled in the heat exchanger and pumped by the vacuum system into the VKI exhaust stack. The whole facility has its own electricity supply, the transformer providing a small amount of power to the auxiliary systems, pumps, valves, and most of the available power to the high-frequency generator, made of a solid-state thyristor rectifier and a solid-state MOS inverter oscillator, featuring a more compact design and a greater efficiency (between 85% and 90%) than vacuum tube technology. With a nominal power of 1200 kW, it is the most powerful plasmatron in the world 12 .
All components subject to heating from their own power dissipation or by exposure to the plasma, are cooled by a closed-loop cooling circuitry. Figure 3 also shows the control system and the spectrometer used for non-intrusive measurement techniques.
High-temperature air model Motivations
In order to perform a reasonably accurate design of the major components of the facility (torch, nozzles, gas supply, heat exchanger, vacuum pumps) it was necessary to obtain the physical flow parameters allowing to reach the specified conditions on the test sample. Although the gas used for design is air, the expected range of temperatures and pressures makes it impossible to perform computations using a perfect gas approach. Dissociation and ionization cause major deviations from the perfect gas equation, with a variation of the specific heat ratio from its standard value of 1.4. The classical gas dynamics formulas could have been used with different values of γ, but they are not strictly applicable since their basic derivation implies the use of the perfect gas law. It can be considered legitimate to make use of such a technique only if the flow speed is much greater than the chemical reaction speed. The species concentration cannot therefore change significantly within the plasma flow which is said to be frozen 13, 14 . This assumption can be valid in supersonic and hypersonic flows but not in the subsonic regime. The present approach therefore considers a flow in local chemical equilibrium. In order to simplify further the calculation, the flow field and thermodynamic calculations have been decoupled by considering local thermal equilibrium, i.e. the rotation, vibration and electronic temperatures of the species are considered equal to the translational (thermodynamic) temperature 15 .
Thermodynamic model of equilibrium air
The thermodynamic properties of air at ambient conditions are available in closed form through the equation of state p = ρ R T (1) and calculating enthalpy is straightforward: h = c p T (2) With temperature rise and pressure decrease, vibrational and electronic effects cause a change in specific heat. Enthalpy (2) then becomes a non-linear functional relationship of temperature: h = h(T) ( 3) The dissociation of oxygen, then of nitrogen as the temperature increases, and the subsequent ionization processes (appearing above 6000 K at atmospheric pressure) cause a change in the number of molecules of the different species. The air cannot be considered a perfect gas but rather a mixture of perfect gases in chemical equilibrium. A first consequence is a pressure and temperature dependence of the specific gas constant R in equation (1) and of the enthalpy in (3), which both become non-linear functions of two thermodynamic variables.
Several methods exist to compute this equilibrium state. A first class involves the computation of mole or mass fractions by solving the system of equations describing the problem. For n species and c basic nuclei types, it is always possible to derive (n-c) independent chemical reactions between the species and c equations expressing the conservation of the nuclei, to solve the equilibrium composition 13, 14, 16 . Thermodynamic variables of the species are then computed using statistical mechanics or classical thermodynamic relations for perfect gases and mixture rules are applied to get the properties of air.
Another class of methods involve the determination of the species concentrations by a minimization technique based on the property of the Gibb's free energy of the mixture to show a minimum at chemical equilibrium. A search for the minimum using Lagrange multipliers yields the composition. It additionally removes the need of imposing chemical reactions 17 . Both approaches require computations of the composition and then of the thermodynamic properties in order to get a complete description of the equilibrium state of the gas. For the present work, a more direct approach was chosen, using alreadyexisting results provided in the form of curve-fits to describe the equilibrium state. Srinivasan, Tannehill and Weilmuenster 18 have developed an interesting series of nine curve fits covering the equation of state, the internal energy, the enthalpy, the entropy and the speed of sound. They were developed using thermodynamic properties computed by an available code 19 20 have developed another series of curve fits which also include enthalpy, specific heat and the equation of state (through the compressibility factor), but which mainly concentrate on transport properties (viscosity, thermal conductivity, Prandtl number). The equations are simpler, involving 5 coefficients that are dependent of pressure and temperature. They consider an 11-species model (with N ++ and O ++ added) solved by the Gibbs energy minimization technique. The inclusion of the doubly-charged species produces negligible results on the mixture below temperatures of 15000 K, so both models are equivalent for this work (the maximum temperature encountered does not exceed 11000 K).
Computer model of equilibrium air
The first tool developed was a computer program based on curve fits, able to predict the thermodynamic and transport properties of air, given two input variables 21 . It uses the following relations from
and the following relations from
(10) Relations (4) to (7) can be used in inverse form through a one-dimensional root finding algorithm. Each of these equations can yield the value of one parameter given a fixed value of the output. Taking (4) as an example, the scheme is written:
T* -f 1 (p,ρ*) = 0 (11) with * values being fixed inputs. One gets the value of p satisfying (11) by first obtaining two initial guesses for which values of T* -f 1 are of opposite signs. The zero is found by a combined bisection-regula falsi method to use a fast convergence rate while forcing the convergence if the regula falsi fails.
Using this inverse procedure, equations (4) to (7) yield eight additional functional relations that can be used to obtain the thermodynamic state of hightemperature air.
Heat transfer computation on the model also requires the Lewis number and the dissociation enthalpy of the mixture. These parameters are obtained by Cohen 
Validation of the thermodynamic model
The accuracy of the curve fits is worse than what obtained when computing the exact solution for the composition, but it is perfectly within the bounds of engineering applications. Transport properties are more difficult to assess since their experimental verification is extremely difficult in the hightemperature regimes.
Validation of the thermodynamic properties has been done by comparing with the work of Hilsenrath and Klein 24 . This reference contains thermodynamic data computed between 1500 K and 15000 K at densities from 10 3 to 10 ). The inclusion of argon causes a systematic 1% error in the mole fractions and thermodynamic properties. An extensive validation has been carried out 21 and has shown a scatter of 2.5% around the reference data for pressure and entropy and 5% for enthalpy. As an example, figure 4 shows dimensionless enthalpy as a function of temperature and density. Successive increases denote oxygen dissociation, nitrogen dissociation and oxygen and nitrogen ionization. As already mentioned, validation of transport properties values is more difficult to assess due to the lack of experimental data and the calculations can vary greatly depending on the interaction potentials and collision integrals chosen 25 . Figure 5 shows thermal conductivity of air at one atmosphere. It is seen that the oldest results from Hansen 26 deviate at high temperatures and that the most recent data (Murphy 27 ) shows a good agreement with the chosen curve fits except at the 7000 K peak. These variations are due to the different assumptions of potentials and accuracy of collision integrals 28 . The experimental results of Devoto and al. 29 , although showing ¶ 1 amagat = 1.29313 kg/m 3 significant uncertainty, tend to indicate that the curve fits considered here are reasonably accurate. The peak error of these fits is 13% when compared with Murphy. 
Facility aerothermodynamic model
The facility model is built for computational speed around a simple, quasi-1D nozzle flow assumption. In subsonic operation (figure 6), it is assumed that the plasma jet travels from the torch to the model without viscous dissipation (valid near the stagnation streamline, where the heat flux is computed) or radiation losses (small for flow temperature less than 10000 K). This means constant plasma properties to the edge of the boundary layer on the sample. In supersonic operation (figure 7) the torch is closed by a converging nozzle to obtain sonic flow. Underpressure in the test chamber forces the plasma to accelerate to supersonic speed and form an underexpanded jet. Presence of the model also produces a bow shock. As before, viscous and heat losses are neglected in the model. Furthermore, the jet underexpansion is treated like a simple nozzle flow. 
Quasi-1D adiabatic equilibrium air flow
It is supposed here that all physical quantities remain constant in any cross-section of the facility. The evolution of the flow is then computed using the same conservation principles as used in the classical nozzle flow theory 30, 31 , i.e. conservation of mass flow rate, entropy and total enthalpy:
(right hand-sides being given upstream conditions)
Input conditions
The Plasmatron has no stagnation chamber in front of the torch. Instead, the gas is injected at a definite rate in the torch. Three input conditions are therefore needed in order to start the scheme. In addition to two thermodynamic variables, a kinetic variable (Mach number, velocity, mass flow rate) must be used to define the injection. From these conditions, all thermodynamic and kinetic variables are obtained using combinations of equations (4) to (7) and their inverse forms, including mass flow rate ] • , entropy S and total enthalpy H.
Subsonic model
Since flow properties are assumed invariant across the facility, the plasma state at the edge of the sample boundary layer is directly copied from the torch input conditions. Fay and Riddell's heat transfer law (see below) is then used to obtain the heat flux rate.
Supersonic model
The supersonic model is divided into 4 crosssections in which the flow properties are successively computed: a. calculation of input conditions in section 1 (torch) b. calculation of throat size by imposing Mach 1 in section 2 (throat) c. calculation of expansion to a given Mach number in section 3 (upstream of shock) d. calculation of subsonic flow conditions behind the shock (section 4, also assumed to be the sample boundary layer edge) and of the heat flux rate.
Downstream components input conditions
In both cases, another cross-section was considered, the heat exchanger entrance, with an area of one square meter. An estimation of pressure losses after the sample was performed by assuming (1) in subsonic, the loss of all dynamic pressure in the jet (2) in supersonic, expansion of the subsonic flow behind the shock to a pressure equal to the static pressure in front of the shock, then a second normal shock to come back to subsonic speed followed by the loss of all dynamic pressure (worst case, supposing no pressure recovery in the diffuser).
Section-to-section calculation Two types of calculation appear in the model: either the area of the next section is given and all physical properties have to be computed (as with the heat exchanger entrance), or the Mach number in the new section is given and the area has to be computed with the other flow properties (as in supersonic steps b and c).
When the area is given, equations (5), (6), (15), (16) and (17) 
Equation (18) can be solved using the root-finding algorithm illustrated earlier with (11) . All other flow properties are then obtained from the other equations.
When the Mach number is given, the problem has to incorporate the definition of Mach number and equation (7) instead of (15) to obtain the flow velocity. An equation similar to (18) is obtained:
The cross-section area is obtained from (15) .
Shock wave calculations
In supersonic operation, there will be a bow shock in front of the sample holder, modeled by a normal shock for the purpose of computing the flow properties in the subsonic region behind the shock wave. The calculation is made using the RankineHugoniot relations, because of the deviations from the perfect gas law. The iterative procedure is well documented in the literature and we used the classical treatment presented by Anderson 13 . 
Stagnation point heat flux rates
Values with subscript e are boundary layer edge flow properties (see above how they are computed); subscript w denotes wall values. The wall temperature is either imposed or computed by assuming equilibrium between the convective heating and the radiative cooling of the sample.
The velocity gradient is not so well known in the geometry and velocity range that are of interest in the Plasmatron case. The velocity is outside the field of application of Newtonian flow and the blunt body is not spherical. It is approximated by a flat-faced cylinder facing the flow but even this simple geometry has not been intensively used before.
Subsonic flows over flat-faced cylinders have been studied in Russian plasmatrons. Kolesnikov 33 proposes the following expression for the velocity gradient at the stagnation point of a flat cylinder of radius R m in a plasma jet of radius Rp:
with λ = R m R p (24) No expression was found in the literature for supersonic flows. An expression exists for the sphere case, used by Olivier and Grönig in the Aachen shock tunnel 34 in high-temperature gas. It has been derived by Truitt 35 from potential theory by replacing the shock wave surface by a second sphere of radius b:
In this equation U is the supersonic velocity and u e the subsonic velocity behind the shock wave. The "shock radius" b is equal to the sphere radius increased by the shock stand-off distance, given by Lobb's correlation in the high-temperature regime:
with ρ sup the density of the supersonic flow and ρ e of the subsonic flow.
To obtain a similar result on flat cylinders, a series of numerical calculations have been performed using a finite volume axisymmetric perfect gas Euler solver 36 . Stagnation point velocity gradients obtained for various Mach numbers allowed to verify the following velocity gradient in the perfect gas regime:
which is simply Truitt's formula corrected by a multiplying factor to account for the geometry change. Figure 8 shows a comparison of the exact Euler solution with results of equation (27) (28) It is seen that (27) gives good results compared to the Euler calculations, except near sonic conditions. This is to be expected, since the stand-off distance should tend to infinity in the vicinity of Mach 1, which is not the case in (28) .
By coupling (23) or (27) 
Global mass flow rate and power
In order to perform reasonably accurate predictions of necessary mass flow rates and powers in the design phase, one needs to use other expressions than the quasi-one-dimensional equations. Their use for computing flow properties from conservation principles is legitimate but they do not correspond to the actual physical values. Indeed, the velocity profile at the torch exit shows the usual centerline peak value. The temperature profile of the jet will also be non-uniform, with a temperature peak in the center.
This physical behavior was approached by using a parabolic velocity profile, a constant static pressure and a cubic total enthalpy profile along the radial direction. These three parameters allow all other flow properties to be obtained at the same position.
The use of a parabolic velocity profile is totally justified if the flow is laminar, which is the case due to the high plasma viscosity. The profile (29) is used ( c centerline and w wall conditions). Measurements performed for ESA by Yakushin's team in Moscow have shown inflection points on the total enthalpy profiles 38 . Based on their measurements we selected a profile with mid-radius inflection: (30) Averaged values of mass flow rate and power are then obtained by integration over the cross-section: (32) using (29), (30) and a locally-computed density.
Plasmatron facility model
The techniques and equations described above were brought together in a computer program called PLAFAC (PLAsmatron FACility), used for various designed purposes described in the rest of the paper after a discussion of its validation.
In the facility, the three input parameters are the static pressure (imposed by the downstream vacuum system), the inlet mass flow rate (imposed by the gas supply system) and the power available in the flow (imposed by the generator). However, deriving flow conditions from these inputs is difficult because the processes involved are not adiabatic nor are they only fluid dynamics. The energy transfer from the torch to the plasma involves coupling with Maxwell equations and use of magnetohydrodynamic theories, something that cannot be done using this approach. The combination of input parameters used for all design runs were therefore chosen to be total pressure, total enthalpy and Mach number.
Model validation

Heat transfer law
First, heat transfer formulations were checked in a test case with provided flow parameters. The data comes from 2D non-equilibrium chemically-reacting Navier-Stokes calculations performed by Kolesnikov and Yakushin 39 Figure 9 shows the heat flux as a function of wall temperature, for catalytic and noncatalytic walls. The agreement is very good (1.25%) for catalytic heat transfer to a cold wall of 300 K, which is the design condition to be considered. For hotter walls, a systematic deviation appears. The noncatalytic heat transfer is, on the contrary, accurate at high wall temperatures and shows a significant deviation on cold walls, due to a non-frozen character of the boundary layer producing recombination near the surface. For temperatures above 1000 K, the frozen boundary layer hypothesis of Fay and Riddell is verified and the agreement becomes very good. Catalytic wall, ref. [37] Catalytic wall, Plafac
Non-catalytic wall, ref. [37] Non-catalytic wall, Plafac 
Validation in the subsonic regime
Another validation was performed using results from a test campaign financed by ESA in the IPG-4 plasmatron of IPM 40 . Simulation of the ten subsonic runs have been performed with PLAFAC using total pressure, total enthalpy and Mach number as input. The torch radius is 40 mm and the sample holder radius is 25 mm with a geometry identical to that of figure 1. The test cases are totally unrelated and difficult to present graphically. Out of the ten runs the following maximal relative errors on the outputs have been obtained (figure 10): 4.4% on the pressure, 1.3% on the temperature, 2.3% on the velocity and 14.4% on the heat flux. The mean error on the heat flux is 8.62%, but the experimental error quoted in the report for these heat flux measurements is 5%-7%, which makes it difficult to assess which part of the discrepancy is due to program defects and which part comes from experimental uncertainties.
To conclude, PLAFAC seems reliable for heat flux predictions within 15%. For design purposes the requirements in terms of heat fluxes as shown on figure 2 are thus to be increased or lowered by 15% depending on them being maximal or minimal values. Considering the amount of simplifying hypotheses used to derive the present computer code (no viscous effects considered on the jet border, adiabatic flow, thermodynamic and chemical equilibrium), a final accuracy of 15% on the heat flux can be considered a good achievement per se.
Comparing mass flow rates yields greater errors, up to 28% and with an average value of 12.4%, without definite trends in the error. This comes from the crude assumptions for the velocity and enthalpy profiles used in the calculation. However, the error that would be made using one-dimensional flow formulas is more than twice these values. The averaged mass flow rate is greater than in the onedimensional case with a constant velocity across the jet, this due to the fact that air near the wall is colder, thus denser. The density increase overcomes the velocity decrease so more mass flow passes near the walls than in the middle of the jet. The resulting mass flow is bigger and allows a conservative design. to be compared to 29 mm for Gülhan's results, a perfect agreement. Incidentally, the difference in area ratio is more than 15% with respect to perfect gas flow: the critical area ratio with a Mach number of 0.05 is 11.59 in perfect gas 42 and 9.87 in the present case.
Facility aerothermodynamic design
Main design flow parameters
For a given total pressure, each of the ESA requirements of figure 2 corresponds to an infinite number of solutions in terms of total enthalpy and Mach number. The heat flux, as shown by (20) , strongly depends on thermal parameters (viscosity, Prandtl number, total enthalpy) and kinetic parameters (total enthalpy, velocity gradient). The same heat flux can thus be obtained with a highly thermal, lowly kinetic or a lowly thermal, highly kinetic flow. The problem of defining operating envelopes boils down to defining the bounding values of the isolines in the (total enthalpy, Mach number) plane.
Subsonic operation Mach number has been varied between 0.1 and 0.9 in the torch. The lower bound comes from convergence problems of the code when Mach tends to zero, the upper bound from the impossibility of having Mach 1 in the torch itself. Experience of the torch manufacturer 43 reportedly indicated that the plasma tended to become unstable in the torch at Mach numbers higher than 0.5, therefore a first design criterion was to find suitable operating conditions at Mach numbers lower than 0.5 and, if impossible, to explore higher Mach numbers with the help of a converging nozzle.
The total enthalpy range has been limited by the corresponding flow temperature, which we limited to about 10000 K to account for energy loss: the maximum temperature in a plasma torch lies between 10000 and 12000 K 6,44 but conduction, convection and radiation (important above 10000 K) will produce a lower temperature at the torch exit, not accounted for in the present adiabatic model.
Consequences of the design in subsonic mode
Definition of stagnation line conditions Figure 11 shows a typical result of heat flux rates, obtained here for a total pressure p t = 500 Pa. A first comment, it seems possible, at constant total pressure and Mach number, to obtain the same value of heat flux with different values of total enthalpy. This comes from fluctuations of transport properties with temperature ( figure 5 shows that effect for thermal conductivity) due to successive dissociation and ionization of oxygen and nitrogen species. The figure also shows how operating envelopes can be determined. Here, the maximum heat flux requirement of 1200 kW/m 2 can be obtained in ranges of Mach number (0.4-0.9) and total enthalpy (77-90 MJ/kg). Similar results can be obtained for all corners of the requirements matrix, with a substantial decrease in total enthalpy for the same heat flux as the pressure increases.
Electric coupling and plasma jet size Uniform heating of the sample is obtained with a jet much larger than the holder and a diameter of 80 mm has been chosen by analogy with the dimension of the IPM plasmatron 9 . The mass flow rate and power needed in the torch can then be determined, with a maximum of 71 g/s and 113 kW. However, examining the power levels of the large Russian plasmatrons (1 MW using vacuum tube technology), and taking into account the capability of the Belgian generator manufacturer, it was decided to install a 1.2 MW generator of the new solid-state technology. These latter allow increased efficiencies of 0.85 to 0.9 (to be compared to the 0.5 -0.7 range of vacuum tube generators) for a greater amount of available power.
Power is lost in the generator, in the connectors to the coil ("busbars"), then through the coupling efficiency of the torch, radiation and conduction in the torch, and radiation in the jet. The maximum power finally available in the plasma can be evaluated as 578 kW by using the following reasonable assumptions:
-HF generator efficiency 0.85 -efficiency of busbars 0.9 -coupling efficiency 0.9 -thermal efficiency 0.7
This reserve of power can be used in two ways, either to increase the heat flux on samples using the same diameter, or to increase the diameter to be able to test bigger samples such as complete TPS tiles, model windows, tile gap configurations, etc. For both cases, the operating range can be extended to atmospheric pressure. A torch of 80 mm diameter can yield the maximum heat flux requirement at 1 bar using a power of 139 kW. Performing a scale-up of diameter to match the maximum power available gives a diameter of 163 mm. It is thus reasonable to consider using a bigger torch of 160 mm in addition to the smaller 80 mm tube.
The need to keep two different diameters is twofold: for tests which do not require the increased diameter, the small torch allows smaller operating costs; furthermore, according to the torch manufacturer, the low-pressure operating conditions cannot be satisfactorily reached in the big torch because of insufficient mass flow rates for plasma stability.
Example of subsonic operating envelope With a low-velocity and a high-velocity bound and two different torch diameters, each operating requirement from figure 2 leads to four sets of operating conditions. An example of results is presented in table 1 in the case of lowest possible velocity in the small (80 mm diameter) torch. Conditions 1 to 8 correspond to the eight corner points in figure 2 , clockwise from the lower left corner. Two remarks can be done. First, some high heat flux cases involve very high temperatures. It is not yet sure whether these points will effectively be reached in reality, with convection and radiation losses between the torch and the model. Second, some cases have very low temperatures (below 5000 K), at which air is not a plasma but a hot gas. Because generating cold plasmas is not possible, the required temperature will only be achieved by putting the sample far away from the torch, so that convection has the time to homogenize the temperature field to a lower value. A similar coverage has been performed using supersonic flow, with different Mach numbers at target location. Results show the same conclusions. However, some other aspects of supersonic operation had to be assessed.
Important aspects in supersonic operation
Pumping capacity
The example of figure 11 shows that the low Mach number limit has to be increased for the lowpressure, high heat flux case. The upper bound also leads, for high pressure conditions, to huge volume flow rates, up to 0.598 m 3 /s. This value led to the installation of three rotary vane pumps developing a total volume flow rate of 0.726 m 3 /s at 5 hPa. However, the lower pressure achievable by these pumps was too high (1 hPa) for the purpose of producing supersonic jets at low stagnation pressure.
The pressure ratio in an adapted jet of hightemperature gas as a function of the jet Mach number is plotted on figure 12 . The pressure ratio varies with total enthalpy, between the perfect gas value (0.27) and 0.01 for Mach 3. The higher the Mach number, however, the greater the possibility of obtaining frozen flow, with a higher pressure ratio. On the other hand, maximal pressure losses were estimated around one-third of the static pressure.
At this point, we looked for a suitable lowpressure pump. The chosen Roots-type model has a terminal pressure of 4 Pa, suitable for Mach 3 jets. Throat size Figure 12 also shows that at the throat the pressure ratio lies close to the perfect gas solution. Computed throat sizes can be greater or smaller than the perfect gas ratio depending on total enthalpy. Consequently, it was decided to size the throats of converging (sonic) nozzles using perfect gas relations 42 and to adjust the torch Mach number to avoid flow choking.
Supersonic nozzles
The same arguments have been used for the supersonic (conical) nozzles. In order to avoid flow choking in some operating conditions, a perfect gas area ratio leading to an exit Mach number of 2 was chosen. Supersonic flows faster than Mach 2 will then be obtained by further under-expansion.
Conclusion
In the context of the design and construction at the von Karman Institute of a 1.2 MW induction plasma tunnel called Plasmatron, a mathematical aerothermodynamic model of the facility has been devised. It uses the hypotheses of thermal and chemical equilibrium to compute high-temperature properties of air from state-of-the-art curve fits available in the open literature. The flow is calculated according to the quasi-one-dimensional nozzle hypothesis with additional conditions of inviscid and adiabatic flow.
The purpose of the code is to provide knowledge of the inlet flow conditions required to obtain specified values of total pressure and stagnation point heat transfer rates, as imposed by the main contractor for this work, the European Space Agency.
The code has been validated and has been shown to provide previsions of thermodynamic variables within 5% accuracy. Comparisons made with experimental data obtained in similar existing facilities in Russia conclude that the prediction of the heat flux is within 15% of the experimental data. With these results in mind, aerothermodynamic conditions of the facility were computed in subsonic and supersonic regimes in order to achieve conservative values of the required output parameters. The results were further used in the dimensioning of some other subsystems of the facility.
